The diverse requirements for a successful islet encapsulation barrier suggest the benefit of a barrier system that presents differing functionalities to encapsulated cells and host cells. Initially, multifunctional hydrogels were synthesized via the sequential photopolymerization of PEG hydrogel layers, each with different isolated functionalities. The ability to achieve localized biological functionalities was confirmed by immunostaining of different entrapped antibodies within each hydrogel layer. Survival of murine islets macroencapsulated within the interior gel of two-layer hydrogel constructs was then assessed. Maintenance of encapsulated islet survival and function was observed within multilayer hydrogels over 28 days in culture. Additionally, the functionalization of the islet-containing interior PEG gel layer with cell-matrix moieties, with either 100 µg/ml laminin or 5 mM of the adhesive peptide IKVAV found in laminin, resulted in increased insulin secretion from encapsulated islets similar to that in gels without an exterior hydrogel layer. Finally, through cell seeding experiments, the ability of an unmodified, exterior PEG layer to prevent interactions, and thus attachment, between nonencapsulated fibroblasts and entrapped ECM components within the interior PEG layer was demonstrated. Together the presented results support the potential of multilayer hydrogels for use as multifunctional islet encapsulation barriers that provide a localized biologically active islet microenvironment, while presenting an inert, immunoprotective exterior surface to the host environment, to minimize graft-host interactions.
INTRODUCTION
and alginate (26) and a tricomponent membrane composed of poly(ethylene glycol), poly(dimethylsiloxane), and poly(pentamethylcycol pentasiloxane) (15). The task of protecting transplanted islets from host response via encapsulation requires a capsule design ca-In addition to the physical properties addressed in the aforementioned barrier designs, certain biochemical prop-pable of providing a physical barrier to graft-host cell contact, selective transport between encapsulated cells erties beyond biocompatibility may also contribute to the success of an encapsulation system by improving islet and the host environment, and a favorable environment for long-term islet survival and function (14) . To simul-survival and function, specifically the presence of ECM in the local extracellular islet environment. In recent re-taneously achieve each of these objectives, a variety of synthetic and natural polymers have been combined to ports, islets cultured on surfaces coated with ECM, both cell-secreted matrices (3, 27) and purified matrix proteins create multilayer encapsulation barriers. In the most common islet encapsulation scheme, a polyelectrolyte (11, 21, 22) , exhibited improved survival and increased insulin secretion relative to islets cultured in the absence complexation of alginate and polylysine layers, the properties of each layer are varied to independently con-of matrix interactions. However, the presence of cellmatrix interactions within an encapsulation barrier must trol capsule permeability and mechanical stability (16) . Additional multilayer encapsulation systems developed be localized to the islet microenvironment and not presented at the capsule surface to maintain barrier inert-to independently adjust these capsule properties include barriers formed from alternating layers of poly(ethylene-ness relative to surrounding host cells, which is critical to minimize both immuno and cellular host responses. imine), poly(acrylic acid), or carboxymethylcellulose 1050 WEBER, CHEUNG, AND ANSETH In this work, we propose that barriers with spatially iso-purified as previously described (18, 28) , and for hydrogel polymerization, a 10 wt % of PEG macromer in lated functionalities can by synthesized through the application of multiple hydrogel layers.
Hanks' balanced salt solution (HBSS, Gibco/Invitrogen, Carlsbad, CA) with 0.025 wt % of the photoinitiator 2-Poly(ethylene glycol) (PEG) hydrogels are often considered bioinert due to the lack of cell-PEG interactions, hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Ciba-Geigy, Basel, Switzerland) was exposed attributed to minimal protein adsorption to the highly hydrated PEG network. Physical polymer properties to 365 nm ultraviolet light at an intensity of ϳ7 mW cm −2 for 10 min. such as mechanical stability and permeability may also be readily altered in hydrogels synthesized from the Two-layer hydrogels were synthesized via sequential photopolymerizations of dimethacrylated PEG macro-photopolymerization of divinyl PEG precursors, through such changes as the weight percent of macromer in solu-mer in cylindrical Teflon molds that were fabricated inhouse. The PEG macromer solution containing islets tion prior to polymerization or the macromer molecular weight (4, 28) . Furthermore, photopolymerization of PEG and/or ECM components was pipetted into Teflon molds that were 2.4 mm in diameter and 1.6 mm in thickness hydrogels offers a great deal of flexibility with respect to the final hydrogel geometry. For these reasons, PEG and exposed to 365 nm ultraviolet light for 10 min to prepare the interior hydrogel layer. These gels were hydrogels have been applied to the area of immunoprotective islet encapsulation (8, 9) , and the compatibility of transferred postpolymerization to molds that were 4 mm in diameter and 3.2 mm thick for preparation of the exte-these gels with isolated islets has led to efforts to apply these encapsulation barriers clinically (see Novocell rior gel layer via a two-step process. A portion of the PEG macromer solution was prepolymerized in the mold Inc.; www.novocell.com). PEG hydrogels are also readily modified, either by entrapment of whole ECM proteins to serve as a semisolid base to place the inner gel layer and followed by polymerization of additional macromer or covalent attachment of adhesive peptide sequences, to present matrix interactions to encapsulated cells (12, 29) . solution, which completely encased the inner layer ( Fig.  1 ). The multilayer hydrogel dimensions were selected In the presented work, the ability to localize specific biological functionalities to individual PEG hydrogel for the ease of handling in in vitro culture, to ensure complete islet encapsulation by both gel layers in the layers is first demonstrated. Then isolated murine islets were encapsulated in two-layer PEG hydrogels, and cell initial experiments, and to allow for a greater number of islets to be encapsulated in each construct. While this is survival and function were assessed over 28 days in culture. The effects of cell-matrix interactions on islet in-a macroscopic fabrication process, the PEG macromer photopolymerization process has no geometric limita-sulin secretion within two-layer hydrogels were investigated, and, finally, the ability of an unmodified exterior tions and could be scaled down to 10-100 µm dimensions via a variety of fabrication techniques, including PEG hydrogel to mask underlying ECM functionalities from unencapsulated fibroblasts, which mimic potential droplet formation. Further, interfacial discontinuities are minimized by the homogeneity of the bulk gel composi-device interactions with host cells, was explored. tion and in situ polymerization of a liquid macromer so-MATERIALS AND METHODS lution that exactly replicates and partially diffuses into the preceding gel surface. Controls of islets encapsulated Islet Isolation, Encapsulation, and Culture in single-layered hydrogels were prepared in the same manner as interior gel layers as described above. Murine islets were obtained from the Diabetes and Endocrinology Research Center at the Barbara Davis Cell-laden samples were immediately placed in culture medium in six-well tissue culture plates following Center for Childhood Diabetes (Denver, CO). Briefly, pancreatic tissue from Balb/c mice was digested with photopolymerization. Samples were kept on an orbital shaker at approximately 40 rpm, and the culture medium collagenase, and islets were isolated by density gradient purification and individually hand picked under a dissec-was changed every 3 days. tion microscope. Islets were cultured in RPMI-1640
Immunostaining for Isolated Functionalities (Gibco) with 10% fetal bovine serum (Gibco), 1% penicillin-streptomycin (Gibco), and 0.5 µg/ml fungizone Two-layered hydrogels were prepared in which individual species-specific antibodies were physically en-(Gibco) at 37°C in humid conditions with 5% CO 2 .
trapped within separate hydrogel layers. Rabbit IgG and Macromer Synthesis and Hydrogel Fabrication mouse IgG antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) were entrapped within the in-PEG hydrogels were formed by photoinitiated polymerization of linear dimethacrylated PEG macromer (M n ner and outer hydrogel layers, respectively, during photopolymerization at a concentration of 1 mg/ml. Antibody = 10,000 g/mol). PEG macromer was synthesized and containing two-layer hydrogels were immersed in Cryo-amount of ATP correlated appropriately to both sample cell number and sample DNA content at the time of Gel (Instrumedics, Hackensack, NJ) and snap-frozen with liquid N 2 . Frozen samples were sectioned into 30-ATP measurement immediately following high glucose stimulation (data not shown). µm sections with a Leica CM 1850 cryostat (Leica, Bannockburn, IL), and placed on glass slides. Sections were rinsed three times with PBS for 5 min and blocked with Incorporation of Adhesive Moieties Within the Interior 1% bovine serum albumin in PBS for 1 h. Following an Hydrogel Layer additional PBS wash, sections were immunostained with Laminin (BD Biosciences, San Jose, CA) or collagen both donkey anti-rabbit TRITC and donkey anti-mouse type I (BD Biosciences) was dissolved in hydrogel pre-FITC antibody conjugates (Jackson ImmunoResearch cursor solution at a concentration of 100 µg/ml and Laboratories) for 1 h at room temperature. After three physically entrapped throughout the hydrogel network additional PBS wash steps, sections were mounted with during PEG macromer polymerization and islet encapsu-Biomeda Gel/Mount (Biomeda, Foster City, CA) suplation. plemented with 1,4-diazabicyclo[2.
2.2]octane and cov-
The adhesive peptide sequences IKVAV and RGDS erslipped. Fluorescence images were taken with a Zeiss found in laminin and fibronectin, respectively, were syn-LSM 5 Pascal confocal microscope.
thesized using an Applied Biosystems peptide synthesizer (model 433A, Applied Biosystems, Foster City, Islet Viability CA). Purified peptide was conjugated to monoacrylated Islet viability in two-layer PEG hydrogels was as-PEG for covalent incorporation into PEG hydrogels dursessed using the LIVE/DEAD membrane integrity assay ing photopolymerization. Briefly, peptide-PEG-acry-(Molecular Probes/Invitrogen, Eugene, OR). Hydrogel lates were synthesized by reacting the N-terminus of the samples were incubated in the LIVE/DEAD staining peptide sequence with an N-hydroxysuccinimidyl group solution for 15 min at 37°C protected from light, and on one end of monoacrylated PEG (M n = 3400 Da) then rinsed in PBS (Gibco) prior to confocal imaging.
(Acr-PEG-NHS, Nektar Therapeutics, Huntsville, AL) Live cells were identified by green fluorescent staining in 0.1 M sodium biocarbonate buffer, pH 8.5, for 2 h at when cytoplasmic esterase activity results in the reducroom temperature with a 20% molar excess of peptide. tion of calcein AM, and dead cells were observed by the Acrylated IKVAV was collected by dialysis using cellubinding of red fluorescently labeled ethidium homodilose ester dialysis tubing with a molecular weight cutoff mer to exposed DNA. Stained islets within encapsulaof 1000 Da (Spectrum Laboratories, Rancho Domintion samples were imaged with a Zeiss LSM 5 Pascal guez, CA), followed by lyophilization. Peptide-containconfocal microscope. Image z-sections were acquired at ing hydrogels were formed by the addition of 5 mM 3-5-µm intervals through the volume of encapsulated peptide-PEG-acrylate to the hydrogel precursor soluislets and then projected into single plane images. tion prior to photopolymerization.
Glucose-Stimulated Insulin Secretion
Fibroblast Culture and Attachment Islets were exposed to static glucose stimulation for 1 h on the day of specified time points. Following 45 NIH 3T3 fibroblasts (ATCC, Manassas, VA) were maintained in RPMI-1640 (Gibco) supplemented with min in low glucose (1.1 mM), samples were incubated in high glucose (16.7 mM) and, after 1 h, incubation 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin (Gibco), and 0.5 µg/ml fungizone (Gibco) with solutions were collected for insulin measurement using the Rat/Mouse Insulin ELISA (Mercodia, Winston Sa-media exchanges every 2 days. Fibroblasts were seeded onto single and double layer PEG hydrogels in 24-well lem, NC). Released insulin measurements were normalized by the ATP content of each encapsulation sample non-tissue culture-treated plates at a cell density of ϳ250,000 cells/cm 2 . For this experiment, two-layer hy-to account for differences in cell number between encapsulation samples owing to variability in islet size. ATP drogels were formed by polymerizing the second layer above the initial layer, both with a diameter of 10 mm, was measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI). Due to and the thickness of the second layer was reduced to approximately 300 µm. A larger gel diameter was used the small relative molecular size of ATP, the total ATP content of each hydrogel sample can be measured fol-to provide a greater surface area for cell attachment analysis and to synthesize water-swollen hydrogels that lowing simple extraction of the molecule from each sample, eliminating error introduced by the physical de-were similar in cross-sectional dimension to the well area of the 24-well culture plates. After 24 h in culture, struction of hydrogels required for DNA measurement. Additionally, control experiments indicated that the hydrogel samples were transferred to fresh wells and bright field images of cells on hydrogel surfaces were collected on an inverted microscope (Nikon).
Statistical Analysis
Normalized insulin release data are presented as average values ± SDs. A two-tailed, unpaired Student's t-test was used to determine statistically significant differences between experimental conditions (p < 0.05).
RESULTS

Two-Layer Hydrogel Fabrication
Multilaminate gels have been fabricated for various drug delivery/controlled release applications (19) , but presentation of specific functionalities to respective cell populations. The simple fabrication sequence depicted in Figure 1 was developed to achieve multilayer hydrostaining and subsequent confocal imaging. Greater than gels with each layer encasing the previous layer. Two-95% of stained cells remained viable within islets encaplayer hydrogels were synthesized by this method, and sulated in two-layer hydrogels over 28 days in culture a different antibody, either mouse or rabbit IgG, was ( Fig. 3B-E) . The observed survival of encapsulated isentrapped in each layer during photopolymerization. Imlets indicates that the conditions used for two-layer gel munostaining of multilayer gel sections revealed that synthesis, including up to 20 min of exposure to polyboth the rabbit IgG and mouse IgG remained localized merization conditions when islets may be stressed (e.g., within the layer in which it was entrapped, and a clear by lower oxygen levels), are cytocompatible and do not delineation between the two layers was observed ( Fig. irreversibly impact islet health, as demonstrated by both 2). As model biological molecules, the entrapment of immediate viability and islet survival after 28 days in these antibodies in individual layers supports the ability culture. This is further supported by the following functo provide spatial control over the presentation of inditional assays. vidual, isolated biological functionalities to either encap-Islet Function in Two-Layer Hydrogels sulated cells or cells of the host environment.
Glucose-stimulated insulin secretion from islets en-Islet Survival in Two-Layer Hydrogels capsulated in two-layer PEG gels and in single-layer gels was measured by ELISA and normalized by the The photograph of an islet-laden two-layer hydrogel displayed in Figure 3A shows that isolated murine islets amount of ATP in each encapsulation sample. In Figure  4 , insulin release data are presented relative to that from were dispersed solely within the interior layer of duallayer capsules. The addition of the exterior layer to the unencapsulated islets within 24 h of isolation. Islet insulin secretion does not statistically vary over 28 days in encapsulated islets mitigates problems associated with incomplete encapsulation that may occur with single-culture in either hydrogel condition. These results further indicate that the technique used to fabricate two-layered hydrogels when islets reside near the surface of the gel. The survivability of islets encapsulated in two-layer gels and the extended culture conditions within two-layer gels do not adversely affect in vitro islet sur-layer hydrogels was investigated by LIVE/DEAD vival and function. Also, the response of encapsulated islets over the 1-h glucose stimulation period is not affected in macroscopic two-layer gels where diffusion distances between encapsulated cells and the surrounding solution are substantially greater in these macroencapsulation systems. In this experiment, both the unencapsulated and encapsulated islets were cultured with an excessive nutrient supply relative to the in vivo environment. Scaling down the dimensions of the capsule geometry, and therefore the time scale for nutrient diffusion, may be required for encapsulated islet survival upon implantation.
Islet Function in Two-Layer Gels With Cell-Matrix Interactions
Several reports have demonstrated increased insulin secretion when islets and individual β-cells are cultured with extracellular matrix proteins (3, 11, 21, 27) , and we have also measured increased insulin release from βcells encapsulated in hydrogel environments that present matrix interactions, specifically the matrix protein laminin and the adhesive peptide sequence IKVAV found in tethered IKVAV, and then these functionalized PEG gels were surrounded with a second unmodified PEG trix interactions known to promote fibroblast attachment to hydrogel surfaces, collagen type I (23) and the adhe-hydrogel layer. Insulin secretion in response to glucose stimulation was measured from islets encapsulated with sive peptide sequence RGD (12, 25) , and a second layer of unmodified PEG. Single-layer PEG gels containing either matrix analog, in both two-layer and single-layer gels. Insulin secretion from samples that contained ma-collagen type I (100 µg/ml), RGDS (5 mM), or no matrix component were used as positive and negative con-trix interactions was normalized to secretion levels from islets in unmodified PEG gels after 14 days in culture trols. Taken 24 h after fibroblast seeding, bright field images of attached fibroblasts are displayed in Figure 6 . (Fig. 5 ). Insulin secretion was approximately fourfold higher from cells encapsulated with laminin in both two-Attached cells are beginning to spread on PEG hydrogels containing either collagen type I or RGDS (Fig. 6B , layer and single-layer hydrogels, and in the presence of IKVAV, insulin release is increased by approximately C), but very few cells remain on the surface of unmodified PEG (Fig. 6A) . Two-layer gels containing nonadhe-75% in single-and dual-layered hydrogel systems. No statistical differences were observed between islets in sive unmodified PEG exterior layers also exhibit low cell attachment, and cells on the surface of these gels two-layer and single-layer gels, suggesting that matrix moieties need only be presented within the local islet exhibit a rounded morphology similar to that on single layer unmodified PEG gels (Fig. 6D, E) , indicative of microenvironment within the interior gel layer to influence glucose stimulated insulin secretion.
very weak interactions with the PEG gel. Collectively, these results suggest that an exterior layer of unmodified Fibroblast Attachment to Two-Layer Gels PEG is sufficient to mask underlying ECM moieties and With Matrix-Functionalized Interior prevent fibroblast attachment to two layer gels. While the entrapment of matrix functionalities in DISCUSSION only the interior hydrogel layer is sufficient for presentation to encapsulated islets, it is important that the second The diversity of requirements for a successful islet encapsulation barrier supports the need for a barrier sys-unmodified PEG layer is able to prevent the presentation of these matrix interactions to cells in contact with the tem with isolated functionalities for the presentation of different interactions to encapsulated cells and host hydrogel exterior to minimize the host response to biomaterial implantation, such as fibrous capsule formation cells. While certain factors incorporated into the encapsulation barrier may promote beneficial interactions be-and other immune cell reactions to the implanted gel. To test this concept, NIH 3T3 fibroblasts were seeded tween the encapsulated islets and their local environment, interactions between host cells and these factors onto two-layer gels with an initial layer containing mamay have deleterious consequences. For example, unwanted interactions between host fibroblasts and biomaterial grafts generally lead to the excess secretion of ECM components, resulting in fibrous tissue overgrowth surrounding the implants, which can result in the functional loss of the implant (10). An exterior PEG layer has been applied previously to alginate-based islet encapsulation barriers to reduce host reactions to the transplanted graft (6, 24) . This example illustrates the importance of spatially controlling the presentation of beneficial moieties to encapsulated islets while sequestering these moieties from host cell interactions. In this work, isolated islets were encapsulated in twolayer PEG hydrogels to investigate the applicability of multilayered barrier systems. A multifunctional encapsulation barrier was fabricated via the application of multiple hydrogel layers, with a biologically active interior layer presenting ECM interactions within the local islet microenvironment and an inert unmodified PEG ex- Figure 5 . Percent increase in insulin secretion from islets enterior layer to prevent interaction between entrapped capsulated within single-and two-layer hydrogels containing ECM and host cells. The presentation of matrix interacthe extracellular matrix analogs, laminin protein, and the adhetions found in the native islet microenvironment to ensive peptide sequence IKVAV found in laminin, relative to capsulated islets has been shown to increase glucosethat from islets encapsulated in the absence of matrix interactions after 14 days in culture.
responsive insulin secretion in vitro (3,11,21,22,27). A Figure 6 . Bright field images of NIH 3T3 fibroblast attachment 24 h postseeding on two-layer hydrogels with matrix-containing interior gel layers. Control single-layer gels contained no matrix interactions (A), collagen type I (B), and the adhesive peptide sequence RGD (C). Two-layer hydrogels were fabricated with an initial layer containing collagen type I (D) or RGD (E) and a second unmodified PEG layer. Scale bar: 100 µm, and higher magnification inset images are 150 × 150 µm. multifunctional encapsulation barrier was fabricated via capsulated islet survival and function while presenting an inert exterior surface to minimize host cell interac-the application of multiple hydrogel layers, with a biologically active interior layer presenting ECM interac-tions with the encapsulation device. In addition to creating inner encapsulation layers with tions within the local islet microenvironment and an inert unmodified PEG exterior layer to prevent interaction biological functionality, multilayer encapsulation barriers may also be designed with exterior biological activ-between entrapped ECM and host cells. The potential positive effects of islet-matrix interactions on long-term ity to influence interactions between transplanted constructs and the local host environment. Specific physical encapsulated islet survival and function in vivo are yet to be discovered, but the use of ECM substrates, such as properties of the capsule surface have been shown to promote vascular growth around the implanted construct Matrigel, in the transplantation of unencapsulated islets contributed to improved islet performance (1, 13) .
(17). Also, the immune response to transplanted, encapsulated islets may be influenced via alterations in pas-The ability to achieve varying functionalities localized in separate PEG gel layers was demonstrated sive chemical material properties and the presentation of active immune modulatory molecules. The inflamma-by immunohistochemical staining of different speciesspecific antibodies in each layer. Initial studies in un-tory response to alginate-poly-L-lysine encapsulation capsules was reduced by the addition of a surface layer modified two-layered PEG hydrogels showed maintenance of islet survival and function within multilayer of poly(acrylic acid) (5) . Composite encapsulation membranes have also been developed for the controlled re-hydrogels over 28 days in culture, comparable to islets encapsulated in single-layered PEG hydrogels (28) .
lease of the nonsteroidal anti-inflammatory drug, ketoprofen, from embedded microparticles (2). This technology Dual-layer encapsulated islet devices prepared with ECM matrix moieties incorporated into the interior hy-could also be applied within multilayer PEG gels for actively modulating the local immune response to trans-drogel layer resulted in similar increases in insulin secretion levels compared to islets encapsulated in single-planted cells and the encapsulation barrier material. For example, the bioconjugation methods first presented by layer gels containing matrix moieties. In addition, the lack of fibroblast attachment to of dual-layered hydro-Cheung et al. (7) for attaching biologically active ligands for inducing T-cell apoptosis could be applied to gels demonstrated that the exterior unmodified PEG layer prevented interactions between unencapsulated multilayer PEG hydrogels to provide further functionality, and hence promote potential tolerance, to islet en-cells and ECM analogs. Together these results support the potential of multilayer hydrogels for synthesizing a capsulation devices via the presentation of a variety of immunomodulatory molecules (20). multifunctional encapsulation barrier that promotes en-
